Un-doped ZnO and Sn-doped ZnO (SZO) thin films were synthesized using the sol-gel method. The surface morphology of the SZO films showed a large amount of crystallization. Doping with tin dopants not only reduced the surface roughness of the film, but also repaired defects in the pore structure. Notably, the SZO film with a crystallization temperature of 650 C possessed better crystallization and fewer defects when tin dopants were added. XPS analysis confirmed the presence of O-Sn 4þ phases proving the contribution of tin doping on the electrical conductivity of the SZO films. With regards the PL spectra, luminescence in the Zn 2 SnO 4 phase was observed and affected the red-shifted of broad visible emission. In addition, the 9 at% Sn doped ZnO (S 9 ZO) film showed excellent optical transmittance, however the transmittance improved further when the trace of tin dopants (0.4 at%) and 2 at% In were doped in ZnO matrix (I 2 S 0:4 ZO).
Introduction
ZnO-based thin films have received extensive attention due to their particular optical and electrical properties. 1, 2) They are widely applied in various optoelectronic devices, such as the active channel layer of thin film transistors (TFTs) 3, 4) and the electrodes of organic light emitting devices or thin film solar cells. [5] [6] [7] [8] Various technologies have been used to prepare ZnO-based thin films, such as RF/DC magnetic sputtering, 9, 10) pulsed laser deposition (PLD), 11) chemical vapor deposition (CVD) 12) and the sol-gel method. 13, 14) Among these techniques, the sol-gel method enjoys advantages of simplicity, safety, low cost and easy adjustment of composition.
To achieve higher conductivity of ZnO-based thin films, various tetravalent metal dopants are added to ZnO films, such as tin (Sn 4þ ) doped ZnO, 2, 13) silicon (Si 4þ ) doped ZnO, 15) germanium (Ge 4þ ) doped ZnO, 16) titanium (Ti 4þ ) doped ZnO 17) thin films, etc. Among these tetravalent metal dopants, Sn-doped ZnO (SZO) thin film is a transparent conductivity oxide (TCO) material due to it possessing good optical transmittance. 18, 19) The main element of indium tin oxide (ITO) was indium and tin, but the contribution of Sn dopants had not reduced the resistivity. 20) However, the effects of Sn doping on crystallization and optical transmittance have not been explored to any degree. In addition, studies of Sn dopant concentration on electrical characteristics of SZO thin film are few. For higher Sn dopant contents (>4 at%), the effects of defect phase on optical properties and detailed structural composition have not been investigated much. 13, 19) In the present study, sol-gel synthesized SZO films with different Sn dopant concentration (5-9 at%) were investigated to understand the microstructural characteristics and optoelectronic properties. Because the main composition of ITO was indium phase, the optical transmittance of the IZO (indium doped ZnO) films was compared with the SZO films to not only understand the influence of indium dopants, but also clarify the contribution of tin dopants.
Experimental Procedure
To obtain an aqueous solution of SZO, 2M zinc acetate dehydrate (Zn(CH 3 COO) 2 Á2H 2 O) and tin acetate (Sn(CH 3 COO) 4 ) were dissolved the 2-methoxyethanol (2-MOE). Subsequently, monoethanolamine (MEA) was added to the aqueous solution as a stabilizer and the molar ratio of MEA to zinc acetate dehydrate was 1.
13) Tin atomic concentration was 5$9 at% (Hereafter, the films will be named according to tin content as S 5 ZO and S 9 ZO.) and stirred in clear solution at 140 C for 3 h. After aging, the resultant solutions were deposited onto the silica-glass substrate using a spin coating. After that, the samples were dried at 200 C for 10 min in an oven to evaporate the solvent and remove organic residuals, then naturally cooled to room temperature (non-stop until the desired thickness). Finally, thermal crystallization was performed at 600$700 C for 1 h under a pure O 2 atmosphere with a flow rate of 50 sccm.
In addition, the crystalline characteristics of the SZO thin films were analyzed by multipurpose X-ray thin-film diffraction (XRD). A scanning electron microscope (SEM) was used to obtain the surface morphology of SZO films. The composition and chemical bonding of the SZO films was analyzed by X-ray photoelectron spectroscopy (XPS). Also, photoluminescence (PL), optical transmittance and Hall measurement were measured to understand the contribution of metal dopants. Figure 1 shows SEM images of ZnO films with different tin dopant concentration under a crystallization temperature of 650 C. For the pure ZnO film ( Fig. 1(a) ), a large amount of ZnO crystallization and some micro-pore structures (within the dotted circle) were on the matrix. The micropore structure was particularly apparent on the sol-gel synthesized ZnO thin films 14) and its average diameter was about 55 nm. Notably, a few microstructures appeared on the film matrix and were considered to be the nuclei of ZnO nanopillars. 21) After 5 and 9 at% tin doping ( Fig. 1(b) and (c)), both SZO film surfaces presented a large number of irregular and particle-like grain. Comparing with the ZnO and SZO films, the grain size decreased and the micro-pore structures disappeared. The main reason was that the metal dopants not only suppressed the growth of crystallization, but also repaired defects in the pore structures. 14) To understand the effects of tin doping on crystallization, the ZnO and SZO films were analyzed by X-ray. In Fig. 2 (a), un-doped ZnO film with a crystallization temperature of 650 C exhibits a hexagonal structure and highly preferred c-axis orientation of (002). As the tin dopant content was increased, the SZO films exhibited a hexagonal structure and no additional diffraction peak of tin was detected. This result indicates that the secondary phase (SnO 2 or Zn 2 SnO 4 ) content was below the sensitivity of detection. 22) Notably, the intensity of the (002) diffraction peak decreased which indicates that the crystallization of the SZO films had deteriorated. According to the estimation for full-width half FWHM of the (002) diffraction peak using the Scherrer formula, 23) the grain size of the SZO films ($8 nm) was smaller than that of the ZnO film ($21 nm). The radius of the Sn 4þ ion (0.069 nm) was smaller than that of Zn 2þ (0.074 nm), and substituted for the Zn 2þ ion when tin was doped and suppressed the growth of ZnO crystallization. This result dovetails nicely with the observation of SEM images (Fig. 1) .
Results and Discussions

Crystallization observation and characteristics of SZO films
In addition, the crystalline phase of the S 9 ZO films with a crystallization temperature of 650 and 700 C are shown in Fig. 2(b) . For sol-gel-synthesized films, the degree of crystallization in the films was improved by a sufficient thermal crystallization. 14, 24) However, the crystallization of 700 C S 9 ZO was not better than that of the 650 C S 9 ZO film. The main reason is that the sol-gel synthesized crystallization could not perform the higher thermal energy resulting in a deterioration in the crystallization.
25) The higher crystallization temperature (700 C) was unable to improve the crystallization of the SZO film, so the chemical composition and optoelectronic properties of the 650 C SZO films were studied.
In addition, the element bonding of the SZO film was examined by XPS as shown in Fig. 3 . Figure 3(a) shows the XPS spectra of the 650 C ZnO and S 9 O films with full region scanning from 0 to 1200 eV. Comparing the S 9 O film with the ZnO film, the intensity of the major binding energy peak had slightly decreased. The high-resolution scanning information provided in Fig. 3(b)-(d) is for the separate analysis of elements, O, Zn and Sn, respectively. The high-resolution XPS spectrum of O 1s signal (Fig. 3(b) ) indicates that the binding energy of 529.2 eV can be attributed to oxidized ions in the ZnO film. 26) After multi-peak Gaussian fitting, another
(c) Fig. 1 The surface morphology of (a) ZnO, (b) S 5 ZO and (c) S 9 ZO thin films with crystallized temperature of 650 C.
O 1s peak was located at 530.9 eV. In fact, the intensity of this binding energy was reduced compared with the present ZnO film (not shown here) which indicates that this binding energy was suppressed by Sn 4þ ion doping. 27) Figure 3 (c) shows two strong peaks at 1020.6 eV and 1043.8 eV which correspond with Zn 2p3/2 and Zn 2p1/2 , respectively, consistent with the Zn 2þ ion binding found in previous reports. 28, 29) Furthermore, the Sn 3d5/2 and Sn 3d3/2 peaks shown in Fig. 3(d) 
Effect of Sn doping on optical and electrical proper-
ties Photoluminescence (PL) measurement was used to check the possible effects of tin doping on the luminescence emission of the SZO films as shown in Fig. 4 . Both SZO films contained a weak UV emission band and a broad visible emission band. Notably, the UV emission bands of the SZO thin films were divided into two peaks, which occurred at 383 nm (3.24 eV) and 396 nm (3.13 eV), respectively. The peak at 383 nm corresponds to the band gap of ZnO which is associated with electrons recombining with holes in the valence band, while the other peak at 396 nm was related to Sn atoms indicating a recombination of electrons in deep traps with holes in the conduction band. 30, 31) Comparing the S 5 ZO film with the S 9 ZO film, the intensity ratio of UV emission to visible emission decreased incrementally with the tin doping concentration. This result indicates that the crystallization of the SZO film deteriorated, which is consistent with the XRD data ( Fig. 2(b) ).
In addition, the broad visible emission bands of the S 5 ZO and S 9 ZO thin films can also be divided into two emission bands by multi-peak Gaussian fitting. For the S 5 ZO film, one is an orange emission band centered at 612 nm (2.03 eV) and the other is a red emission band centered at 665 nm (1.86 eV). According to previous reports, 32, 33) the orange luminescence is associated with the amount of oxygen in the films and not trace amount of the dopants. However, Deng et al. 34) claimed that the existence of orange luminescence came from the Zn 2 SnO 4 phase and the intensity ratio of orange emission to near band emission (NBE) increased with increasing the tin concentration. Also, Wang et al. 35) indicated that the orange emission band is associated with defects in Zn 2 SnO 4 . In the present study, the intensity ratio of the orange emission band to the UV emission band not only increased as the tin dopant concentration increased, but also Sn-O phase was detected in the SZO thin film by XPS data (Fig. 3) . Therefore, the orange emission bands in the present SZO films were related to the Zn 2 SnO 4 phase. In addition, the red emission band is considered to have resulted from excess oxygen. 32, 33) Compared with the study of Deng et al., 34) the broad visible emission of the present SZO film occurred at a lower band energy (red shift). The main reason is that the sol-gel synthesized thin films possessed more oxygen vacancies (defects) than that of chemical vapor deposition (CVD) synthesized ZnO nanobelts resulting in a red shift in the visible emission band. In fact, the number of avoidable point defects for one-dimensional nanostructure (nanobelts) was lower than that of line or face defects for two-dimensional nanostructure (thin films). 34, 36) To understand the electrical properties and the possible effect of tin doping, the SZO films were measured given a Hall measurement. Table 1 shows the resistivity, mobility and carrier concentration of the ZnO, S 5 ZO and S 9 ZO films with crystallization temperature of 650 C. For the un-doped ZnO film, the electrical resistivity was about 6:45 Â 10 2 Ãcm. With increasing the tin dopant concentration (0$9 at%), the resistivity of the film decreased to 2:83 Â 10 1 Ãcm. An additional two free electrons were generated when the Sn 4þ ions occupied Zn 2þ ion sites. 19) Conversely, the electron mobility decreased sharply as the tin dopant concentration was increased. According to the observation of SEM images (Fig. 1) and calculations of XRD data ( Fig. 2(a) ), the grain size of the S 5 ZO and S 9 ZO films was smaller than that of the ZnO film. The smaller grain size would generate a larger amount of grain boundaries resulted in an increment in the electron transmission time. Also, a higher carrier concentration affected the electron mobility. Fig. 2 (a) The XRD pattern of ZnO, S 5 ZO and S 9 ZO films crystallized at 650 C (b) the XRD pattern of S 9 ZO films crystallized at 650 C and 700 C.
Doping mechanism
The optical transmittance of the ZnO and SZO films under a crystallization temperature of 650 C were measured and are shown in Fig. 5 . For the ZnO film, the average optical transmittance in the visible region (390$800 nm) was about 87%. When the tin dopants were added, the average transmittance in the visible region of both SZO films improved to 94%. The main reason is that the growth of ZnO crystallization was suppressed to form a fine structure when tin dopants were added to the ZnO film, resulting in a reduction in surface roughness. Simply put, the smoother surface morphology reduced the optical scattering and improved the optical transmittance. 13, 38) Based on SEM images (Fig. 1) , the surface morphology of the ZnO film was rougher than that of the S 5 ZO and S 9 ZO films which confirms that the rougher surface morphology definitely deteriorated the optical transmittance of the film. Also, the optical transmittance of the sol-gel synthesized IZO (I 5 ZO and I 9 ZO) 14) films were compared in this study. Compared with the SZO films, the optical transmittance in the visible region of the IZO films was reduced to 84% under the same dopant concentration. Because the radius of the Sn 4þ ion (0.069 nm) was smaller than that of the Zn 2þ (0.074 nm) and In 3þ (0.084 nm) ions, the grain size of the SZO films was smaller than that of the ZnO and IZO films. The main contributions of tin doping in ZnO film are the reparation of structural defects, reduction of surface roughness and improvement of film transmittance. In fact, the electrical conductivity and optical transmittance of ZnO film could not be significantly improved by tin or indium doping. Therefore, 2 at% indium and 0.4 at% tin dopants were added to the ZnO (I 2 S 0:4 ZO) film and its optical transmittance was compared with the S 5 ZO film as shown in Fig. 6 . The S 5 ZO (5 at% tin doped ZnO) film with a crystallization temperature of 650 C had a high optical transmittance ($94%). As traces of tin (0.4 at%) and indium (2 at%) were doped into ZnO at the same time, the average transmittance in the visible region of 650 C I 2 S 0:4 ZO was improved to 95%. By controlling the particular concentration of tin and indium dopants on the ZnO film, the ISZO film not only had better electrical properties, but also possessed excellent optical transmittance.
Conclusion
(1) From XPS analysis results, the Sn 4þ ions were doped into the ZnO film and formed SnO 2 and Zn 2 SnO 4 phases. Although the presence of SnO 2 and Zn 2 SnO 4 phases resulted in a deterioration of crystallization, the pore structure (structural defects) was repaired. Also, higher Zn 2 SnO 4 concentration promoted the visible emission band. (2) 9 at% tin dopants not only improved the electrical conductivity, but also promoted a higher optical transmittance. In addition, the optical transmittance of the IZO film could be improved by trace amounts of tin doping and was better than that of SZO film.
